Systematic genome-wide studies to map genomic regions associated with human diseases are becoming more practical. Increasingly, efforts will be focused on the identification of the specific functional variants responsible for the disease. The challenges of identifying causal variants include the need for complete ascertainment of genetic variants and the need to consider the possibility of multiple causal alleles. We recently reported that risk of systemic lupus erythematosus (SLE) is strongly associated with a common SNP in IFN regulatory factor 5 (IRF5), and that this variant altered spicing in a way that might provide a functional explanation for the reproducible association to SLE risk. Here, by resequencing and genotyping in patients with SLE, we find evidence for three functional alleles of IRF5: the previously described exon 1B splice site variant, a 30-bp in-frame insertion/deletion variant of exon 6 that alters a proline-, glutamic acid-, serine-and threonine-rich domain region, and a variant in a conserved polyA؉ signal sequence that alters the length of the 3 UTR and stability of IRF5 mRNAs. Haplotypes of these three variants define at least three distinct levels of risk to SLE. Understanding how combinations of variants influence IRF5 function may offer etiological and therapeutic insights in SLE; more generally, IRF5 and SLE illustrates how multiple common variants of the same gene can together influence risk of common disease.
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interferon pathway ͉ systemic lupus erythematosus T he number of loci convincingly associated with complex diseases has risen in recent years because of increasing knowledge of the human genome and its variation, cost-effective highthroughput genotyping technologies, and improved methods for statistical analysis. The identification of alleles reproducibly associated with disease has the potential to define genes and biological pathways as playing a causal role in vivo in the population. Recent illustrations include the role of the complement pathway in agerelated macular degeneration (1) (2) (3) , the IL-23 pathway in inflammatory bowel disease (4) , and IFN regulatory factor 5 (IRF5) in systemic lupus erythematosus (SLE) (5, 6) . For example, the type I IFN pathway is dysregulated in SLE, with many IFN-inducible genes overexpressed in the peripheral blood of SLE patients; the finding of robust association to SLE of SNPs in IRF5, a transcription factor downstream of the type I IFN and Toll-like receptors (7) (8) (9) (10) , provided the first direct and specific evidence that variation in the type I IFN pathway plays a causal role in SLE pathogenesis (5, 6) .
Although there is increasing progress in identifying loci convincingly associated with complex disease, in few cases have the causal mutations responsible for the association unambiguously been identified. Several factors make this difficult: (i) for efficiency, initial screens survey only a subset of human variants to identify a region; (ii) because of linkage disequilibrium, multiple variants in each region may show equivalent signals of association; (iii) causal variants may be noncoding, and there is no analogue to the genetic code to identify from primary sequence data alleles impacting gene expression, regulation, or posttranslational modifications; and (iv) there may be multiple causal variants at a locus, with prominent examples including multiple HLA alleles in autoimmune diseases (11) , multiple alleles of complement factor H in age-related macular degeneration (1-3), and multiple alleles at the APOE locus influencing lipids and Alzheimer's disease (12, 13) .
These general challenges are illustrated by the association of common variants in IRF5 to risk of SLE. We recently demonstrated that common alleles of IRF5 are robustly associated with risk of SLE in both family-and population-based cohorts (5, 6) . The marker most associated with risk to SLE (rs2004640) was found to alter a consensus splice donor site and to allow expression of isoforms bearing exon 1B (an alternative exon 1). This combination of genetic and functional data provided a potential model to explain the effect of IRF5 on SLE (5). However, as described below, a more extensive assessment of common variation in IRF5 in SLE provides evidence for three statistically independent signals of association to SLE, one of which is stronger than that of the exon 1B splice site (rs2004640).
Results
Characterization of Sequence Variation at IRF5. To more fully characterize genetic variation at IRF5, we sequenced the exons and 1 kb upstream of the IRF5 exon 1A in DNA from 136 cases of SLE; and we sequenced each of the introns in 40 SLE cases and 8 controls [supporting information (SI) Tables 3 and 4 ]. In total, 52 variants were observed, of which 26 were previously identified (present in dbSNP), and 32 were undescribed. Of the variants not in the database, 13 had minor allele frequency Ͼ1%. Each such variant was genotyped in the HapMap Centre d'Etudes du Polymorphisme Humain (CEPH) Utah residents with ancestry from northern and western Europe (CEU) samples, allowing them to be integrated with data from the International HapMap Project.
Although no common single-nucleotide missense variants of IRF5 were observed, a 30-bp in-frame insertion/deletion (indel) in exon 6 was observed. The exon 6 indel is located in a proline-, glutamic acid-, serine-and threonine-rich domain, a motif previously shown to influence protein stability and function in the IRF family of proteins (14) . TagSNPs were selected to serve as proxies (r 2 Ͼ 0.8) for all SNPs with minor allele frequency Ͼ1% in the combined data from HapMap Phase II (15) and genotype data in the same samples for the SNPs discovered in our sequencing effort.
Association of Common Variation in IRF5 to Risk of SLE.
Each tagSNP was individually tested for association to SLE in a combined trio and family collection of 555 families from the U.S. and the United Kingdom ( Table 1 ). The strongest association with SLE was for three highly correlated SNPs (rs2070197, rs10488631, and rs12539741, pairwise r 2 Ͼ0.95). These SNPs (which we refer to as Group 1) do not include the previously studied exon 1B splice site variant and showed highly significant association: Transmitted/ Untransmitted (T/U) ratio ϭ 1.8; P ϭ 1.2 ϫ 10 Ϫ7 . To assess whether the Group 1 variants could explain the association to SLE, we performed conditional logistic regression incorporating one of the Group 1 SNPs (rs2070197). This model was rejected, because a second set of correlated SNPs (referred to as Group 2, rs729302, rs4728142, rs2004640, and rs6966125) were independently associated with risk to SLE (P Ͻ 0.002-0.008, Table 1 ; see SI Table 5 ). Group 2 includes the previously studied exon 1B splice site variant (rs2004640).
To test the hypothesis that the combination of Group 1 and Group 2 variants fully account for the association observed to SLE, we repeated the conditional logistic regression analysis including a Group 1 and a Group 2 variant in the model (represented by rs2070197 and rs2004640). A third set of six highly correlated SNPs (referred to as Group 3; rs4728142, rs3807135, rs752637, rs10954213, rs2280714, and rs17166351) were associated with risk of SLE (P Ͻ 0.001-0.01, Table 1 ; see SI Table 5 ).
These results indicate that three independent sets of correlated IRF5 variants (Groups 1, 2, and 3) each provide statistically independent evidence for association with risk of SLE. In previous limited surveys of genetic variation (5, 6) , the exon 1B splice site (rs2004640) was most strongly associated with SLE and, given its potential functional role in splicing, offered a potential explanation for how IRF5 variation might influence risk. After a more extensive assessment of IRF5 variation, however, it is clear that rs2004640 is no longer adequate to explain all of the effect of IRF5 on risk to SLE; indeed, it is not even the strongest contributor. We set out to identify other putative functional alleles that might explain the independent signals of association observed for Groups 1 and 3.
Cis-Acting Alleles Underlying Variation in IRF5 Expression.
One approach to finding causal alleles is to examine other phenotypes that might be less complex in their inheritance, providing power to distinguish the effects of highly correlated alleles, and to offer in vitro assays to assess function. In vitro expression levels provide one such phenotype (16, 17) . Given our previous observation that one of the Group 3 variants (rs2280714) is associated with levels of IRF5 mRNA expression, we systematically examined the more complete set of IRF5 variants for alleles that might be associated to levels of IRF5 mRNA expression in lymphoblastoid cell lines.
The same set of tagSNPs genotyped in the SLE family cohort were studied in the HapMap samples (15) , allowing correlation of genotype to mRNA expression data collected at the Sanger Institute (www.sanger.ac.uk/humgen/genevar). A variant in the 3Ј UTR (rs10954213, Group 3) showed the strongest association with IRF5 expression: P ϭ 3.5 ϫ 10 Ϫ55 (SI Table 6 ). This variant and one other (rs10954214) reside in conserved elements within the 3Ј UTR, a region that often contains sequences that influence mRNA expression (18) .
To increase power to distinguish effects of correlated SNPs, we genotyped a subset of the associated IRF5 variants in an independent data set of 233 CEPH samples for which microarray gene expression data were publicly available (17) (SI Table 7 ). Again, rs10954213 was the best predictor of IRF5 expression. Specifically, rs10954213 showed stronger associations than either the neighboring rs10954214 or the SNP we had studied previously, rs2280714 (SI Tables 7 and 8 and Fig. 1a ). Formally, rs10954213 remained strongly associated with IRF5 mRNA levels after conditioning on rs2280714 (P ϭ 5 ϫ 10 Ϫ9 ), whereas conditioning on rs10954213 nearly eliminates association of rs2280714 to IRF5 expression (P ϭ 0.004). Finally, similar findings were observed for expression of IRF5 in whole blood of SLE cases (SI Fig. 3 ).
These results indicate that rs10954213 is the best predictor of IRF5 expression in our survey of lymphoblastoid cell lines, clearly distinguishable in its effect from the other SNPs with which it is in strong linkage disequilibrium. Because rs10954213 is also a member of Group 3, it became a candidate for explaining the association of Group 3 SNPs to SLE (above). We note that the greater strength of the signal of association of IRF5 expression levels (P Ͻ 10 Ϫ55 ) allowed us to distinguish the signal of rs10954213 from the other members of Group 3 for IRF5 expression, whereas we were not able to clearly distinguish the weaker signals of association to risk of SLE.
Although rs10954213 is the strongest determinant of IRF5 ex-pression in our survey of common variation at IRF5, conditioning on this SNP did not account for all of the variance in IRF5 expression. After conditioning on rs10954213, the exon 1B splice site (rs2004640) and other linked SNPs were the next strongest association to IRF5 levels (SI Table 7 ). Specifically, the presence of the T allele at rs2004640, which allows the expression of exon 1B isoforms, was associated with significantly higher levels of IRF5 expression in cell lines carrying GG or AG genotype at rs10954213 (Fig. 1a ). After incorporating a two-locus model of both rs10954213 and rs2004640, no other SNP has a nominally significant association to IRF5 expression in the CEU cell lines (SI Tables 7 and 9 ). Thus, a systematic search for common variation that influences levels of IRF5 mRNA identified rs10954213, a SNP in a conserved an element within the 3Ј UTR and a member of Group 3, as well as the exon 1B splice site variant (rs2004640), a member of Group 2.
A Group 3 Variant Alters a Polyadenylation Signal and Influences IRF5
Expression. Although we previously had shown that the exon 1B SNP influences IRF5 mRNA levels through its effect on splicing (5), the function, if any, of rs10954213 was unknown. We observed that the sequence surrounding rs10954213 has been highly conserved throughout evolution (SI Fig. 4) . Moreover, the rs10954213 G allele is predicted to disrupt a polyAϩ signal sequence (AAUAAA3AAUGAA) located 552 bp downstream of the stop codon of IRF5 in the 3Ј UTR region of exon 9. The canonical motif is a binding site for a protein complex called cleavage and polyadenylation specificity factor (CPSF). During RNA polymerase II transcription, CPSF binds to the AAUAAA sequence and is part of a complex that cuts the mRNA strand 10-30 bp downstream of the polyAϩ signal and initiates polyadenylation of the transcripts (19) . Based on the location of rs10954213 in a conserved CPSF site, we hypothesized that the different alleles of rs10954213 might influence polyadenylation and thereby the length and stability of the IRF5 message. Specifically, we hypothesized that the A allele of rs10954213 might allow efficient polyadenylation Ϸ12 bp downstream, whereas the G allele favors the use of a distal polyAϩ site 648 bp downstream (Fig. 1b) .
To directly test this hypothesis, we performed two types of experiments: Northern blotting and quantitative PCR of IRF5 mRNA from cell lines and peripheral blood mononuclear cells of known genotype at rs10954213 and creation of chimeric mRNAs that attach the two alleles of the 3Ј UTR to heterologous expression constructs.
We isolated total and polyAϩ enriched RNA from the HapMap CEU population, selecting individuals based on genotype at rs10954213. Northern blotting of polyAϩ RNA showed that cell lines homozygous for the A allele at rs10954213, carrying the wild-type AAUAAA on both alleles, expressed mainly a short version of IRF5 mRNAs (Fig. 1c) . In contrast, cell lines homozygous for the G allele (AAUGAA) expressed almost exclusively a longer mRNA that used the second downstream polyAϩ site (Fig. 1c ). AG heterozygote cell lines showed expression of both isoforms. Identical results were obtained in Northern blots of total RNA isolated from the cell lines (data not shown). We further confirmed these results with TaqMan quantitative PCR assays in both EBV-transformed cell lines and normal donor peripheral blood mononuclear cells (Fig. 1d) . These data confirmed that the allele at rs10954213 determines the site of polyadenylation; we now refer to rs10954213 as the polyAϩ variant, with the A allele termed the ''short'' allele and the G allele the ''long'' allele.
To determine whether the long allele of the 3Ј UTR might be unstable, we cloned the two versions of the 3Ј UTR downstream of the coding region of rabbit ␤-globin and transfected 293 Tet-off kidney cells with expression plasmids driving either the chimeric cDNAs carrying either the short or long allele. Northern blotting 48 h after transfection showed that chimeric cDNAs used the expected polyAϩ site (Fig. 1e) , and that the long mRNAs had a shorter half-life than short chimeric transcripts (Fig. 1f ) . Estimates for the half-life of these transcripts, based on regression curves, were: 342 Ϯ 88 min for the short allele and 125 Ϯ 21 min for the long allele. By comparison, the calculated half-life of ␤-globin mRNA alone (lacking the IRF5 3Ј UTR) was 11,631 Ϯ 1,574 min.
These experiments document that disruption of the proximal polyAϩ signal by rs10954213 leads to the transcription of long and relatively unstable IRF5 mRNA transcripts. These effects on IRF5 mRNA are reflected in levels of IRF5 protein, as shown by Western blots of whole cell lysates from EBV cell lines carrying the various polyAϩ SNP genotypes: cells carrying the AA genotype showed Ϸ5-fold higher levels of immunoreactive IRF5 protein than cells carrying the GG genotype (Fig. 1g ).
Exon 6 Indel and Risk of SLE.
Our previously published results and those above suggest that (i) the association of Group 2 SNPs to SLE is likely explained by the exon 1B splice site allele (rs2004640), and (ii) the association of the Group 3 SNPs is likely because of the polyAϩ variant (rs10954213). In contrast, we found that none of the Group 1 SNPs alter the coding region of IRF5, lie in evolutionarily conserved regions, or change an annotated sequence motif. Either the Group 1 SNPs (or an undiscovered but strongly linked mutation) have an as-yet-unrecognized effect on IRF5 function, or the Group 1 SNPs have no functional consequence but instead tag a combination of other functional variants in IRF5.
To assess the second model (having found no evidence for a functional allele among the Group 1 SNPs), we performed the conditional logistic regression analysis not in order of statistical significance (as above) but instead starting with the two putative functional alleles identified above (exon 1B splice site variant and polyAϩ variant). We observed multiple variants that showed significant association to SLE in this analysis (SI Table 10 ) and including the 30-bp in-frame indel polymorphism that we had discovered within exon 6 ( Fig. 2a ). This indel is located in a proline-, glutamic acid-, serine-and threonine-rich domain known to influence protein stability and function in the IRF family of proteins. Previous studies have shown that IRF5 protein isoforms, which, in part, differ by the 30-bp (10-aa) exon 6 indel (which had previously been observed in cDNA but not recognized to be a germ-line polymorphism) have differential ability to initiate transcription of IRF5 target genes (8, 20, 21) .
We note that association of the exon 6 indel to SLE was observed only when we conditioned on the exon 1B splice site and polyAϩ variants but previously had been masked by the signal of the Group 1 variants in the initial analysis that proceeded in order of statistical significance. Consistent with a model in which the three putative functional alleles (exon 1B, polyAϩ, and exon 6 indel) are sufficient to explain the observed association to SLE, however, a logistic regression that includes these three variants revealed no additional SNP with P Ͻ 0.01. That is, the effect of Group 1 SNPs is statistically indistinguishable from their linkage disequilibrium with the three alleles that have putative functional effects on the structure of IRF5 protein and/or its expression.
Haplotype Analysis Identifies Three Levels of SLE Risk. To better understand the observed combinations of the three putative functional alleles (and the Group 1 SNPs), we examined the four marker haplotypes defined by: (i) the exon 1B splice site (rs2004640, Group 2), (ii) the polyAϩ variant (rs10954213, Group 3), (iii) the exon 6 indel, and (iv) Group 1 (using rs2070197 as a proxy; Table 2 ). These four variants defined five common haplotypes, each carrying unique combinations of the exon 1B splice site, the exon 6 indel, and the polyAϩ variant.
We studied these haplotypes for association to SLE in a large family-based case-control sample totaling 2,188 case and 3,596 control chromosomes (single-marker results, SI Table 11 ). Haplotype 1 ( Table 2 ) was strongly associated with risk of SLE, appearing on 19.0% of SLE chromosomes in comparison to 11.9% of control chromosomes (P ϭ 1.4 ϫ 10 Ϫ19 ; Table 2 ). In the case-control sample, a single copy of haplotype 1 was associated with an odds ratio (OR) of 1.46, whereas two copies were associated with an OR of 2.96 (SI Table 12 ). No other IRF5 haplotypes showed positive association with SLE. The high-risk haplotype 1 is predicted to be the only haplotype with the ability to express exon 1B isoforms (because of rs2004640), carries the exon 6 insertion, and is expressed at high levels because of the polyAϩ variant.
It has previously been shown that alternative proximal splice acceptors for exon six, termed SS1 and SS2, which are proximate to the exon 6 indel, influence activation of downstream genes (8, 20, 21) . As shown in SI Fig. 5 , both SS1 and SS2 are used regardless of the exon 6 indel genotype.
Interestingly, although haplotypes 2 and 3 showed no evidence for association to SLE as compared with the overall population (OR ϭ 1.09 and 0.95, P Ն 0.05, respectively), haplotypes 4 and 5 showed strong evidence for protection. Specifically, each was associated with a Ϸ25% reduction in risk (OR ϭ 0.76) that was statistically highly significant (P Ͻ 5 ϫ 10 Ϫ8 and 3 ϫ 10 Ϫ5 , respectively). Moreover, individuals that carry Haplotype 1 in trans with either of the haplotypes that lack exon 1B isoform expression (4 and 5) show a reduction in risk of SLE (SI Table 12 ).
In summary, the highest risk to SLE is observed for a haplotype that is predicted to express at high levels transcripts containing exon 1B and the exon 6 insertion. Haplotypes 2 and 3, which carry only two of the three risk-associated functional alleles, show average risk to SLE. Haplotypes 4 and 5, which carry only one of the three risk-associated functional alleles, and in particular lack exon 1B isoforms, are protective for SLE.
Discussion
Our data provide three contributions regarding the relationship between IRF5 genotype, risk of SLE, and expression of IRF5 isoforms. Specifically, we advance our previous study by showing that (i) in addition to the association of the previously identified exon 1B splice site, at least two independent statistical signals of association to SLE risk can be detected at IRF5, (ii) there are at least two additional functional variants at IRF5, namely the polyAϩ signal variant and the 30-bp insertion at exon 6; and (iii) all statistical and functional data can be reconciled in a model in which carrying particular alleles at these three variants (haplotype 1) show strong association to SLE risk, whereas lacking expression of exon 1B isoforms (regardless of the genotype at the other sites) is protective. Whether the three functional alleles of IRF5 interact in an additive or epistatic manner will need to be resolved by in vitro experiments, because all possible allelic combinations of the three functional alleles are not observed in human populations. We also stress that this model is statistically indistinguishable from one in which the Group 1 SNPs are combined with the exon 1B and poly(A) ϩ SNP and draws any additional support from the functional data derived in vitro and the published role of the exon 6 proline-, glutamic acid-, serine-and threonine-rich domain on function in IRF family members (14) .
These alterations in IRF5 protein structure and expression levels presumably shape the IRF5 transcriptional cascade and downstream immune responses. It has been shown that IRF5 is activated by Toll-like receptors 7/9 and type 1 IFN signaling and that, upon stimulation, different IRF5 protein isoforms differentially activate transcription of target proinflammatory cytokines (8, 20, 21) . We therefore propose that the differential expression of IRF5 target genes conferred by IRF5 genotype may modify the immune response in a manner that predisposes to SLE, perhaps in response to chromatin-containing Ig immune complexes and type-I IFN, both of which are elevated in the blood of SLE patients and may stimulate IRF5. Identifying the specific nature of the altered IRF5 transcriptional response and finding interventions that shift it toward that caused by the low-risk exon 1B lacking isoforms (haplotypes 4 and 5) seems a well-motivated approach to prevention and treatment of SLE.
Finally, these results have general implications for the genetic analysis of complex traits. Candidate-gene and genome-wide analyses may identify a particular SNP as reproducibly associated to disease, highlighting a region likely to harbor variants associated with disease pathophysiology. By design, the initial screens are Bold text refers to the overtransmitted allele; T, exon 1B Splice donor site, T allele shows expression of exon 1B transcripts. Insertion, in-frame insertion/deletion of 30 bp in exon 6 of IRF5, chr7:128,181,324-54 (HG17). Signal variant, "A" allele is associated with short (561-bp) 3Ј UTR. *Number of transmitted (T) and untransmitted haplotypes (U) in pedigrees; frequency of haplotypes in SLE cases and controls. † OR and 95% confidence intervals (c.i.).
